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Abstract. ‘l’he Rosetta Radio Science l~lvestigations  (}H) cxpcrinlcnt  was se-
lected  by the European Space Agency to be inclucled in the International ltosctta
hlission  to comet P/Wirtanen  (laut]ch  in 2003, arrival and oIm-ational  phase at
the comet 201 1-2013). The RS1 science objectives address fundame~ltal  a.sl)ects  of
cometary physics such as Lhc mass and bulk density of the nucleus, the gravity
field, non-gravitational forces, the size and shape, the internal structure, the com-
position and roughness of the nucleus surface, the abundance of large dust grains
ant] the plasma content in the coxna and the combined dust and gas mass flux on
the orbiter. RSI will make use of the raclio subsystem of the Rosetta spacecraft.

1 .  In t roduc t ion

in l’cbruary  1996,  the Science Program Committee (S1’C) of the l(;uropcan
Space Agency (ESA) approved the inclusion of the ILosctta Radio Science
investigations (RS1) expcrirncnt  to bc carried out during the lntcrnationa]
ILosctta Mission to comet P/Wirtanen.

In contrast to other i71 situ or remote scllsing  experi]ncrits,  a radio sci-
ence experiment will not install a dedicated onboarcl  instrument. It will
make use of the spaceraft  raclio  subsystem which is responsible for the
communication between the spacecraft and the ground station on I’;arth.
RS1 is interested in the nonclispersivc  (classical IIopp]cr)  and clispersive
(due to the ionized propagation medium) carrier frequency shifts, the sig-
]Ial po~ver  and the polarisation of the raclio wave. ‘J’hc analysis of these
changes will give information on the motion of the spacecraft, olt pertllrb-
ing forces acting  on the spacecraft and on the propagation medium. ‘1’he
carrier frequencies used for the uplink (transmission of telccommands  to the
spacecraft) arc S-bancl at 2.1 C~}lz and for the two dowlllinks  (transmission
of telemetry data to the ground station) are X-bancl at 8.4 GIIz and S-band
at 2.3 GHz. ‘l’he measurements will be done at the grouncl  stations. ‘3’he
current mission baseline includes the ESA ground station in Perth, Aus-
tralia, which will bc upgraded to 30-111 over the next fe~v years. ‘lTllc Ilcep
Space Network of NASA with its antenna complcxcs in California, Spain
a.]ld Australia is considered as a back-up.

‘J’he sclcctecl  target comet for the Rosetta mission is 461’/Wirtanen,
discovered by C.A.  Wirtanen (Wirta]ien, 1948) ill 1948 and rccovcred for
its 1!397 apparition by 11. 130ehnhardt on 26 April 1996 (I]oehnhardt  et al..,
1996a). }Virtanen  is a short period comet with a revolution pcriocl  of 5.5
years and a perihelion distance of 1.08 AU in 1997. ‘1’hc  next pcrihc]ion
passage will be on 14 March 1997 (hIarsclc]l, 1996) which means that the
comet is now (late 1996) in that segment of its orbit that will Lc visited by
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ltosetta  in 2012/2013.
‘J’hc Rosetta spacecraft will be launched in January 2003 by an Ariane  5.

Onc Mars flyby (August 2005) and two }(;arth  flybys (November 2005 and
November 2007) are scheduled in order to gain sufficient AU for intercept-
ing t}le comet in August 2011 after  its aphelio]l  passage at a heliocentric
distance of 4.7 AU. ~’he high orbit phase and global mapping will begin in
August 2012 at a heliocentric distance of 3.25 AU. ‘1’hc times alld heliocen-
tric distances of the C1OSC observations and the lander deliveries depend on
the actual situation and are still subject to discussion. Rosetta will escort
the comet to perihelion from October 2012 to July 2013.

2. RS1 Primary science objectives

1{S1 identified prinlary  and secondary science objectives at the cornet and
during cruise, respectively. ‘1’he prinlary  science objectives were divided in
the categories (a) cometary gravity field investigations, (L) con~et  nucleus
investigations and (c) cometary corns investigations which will be described
in the next subsections.

2.1. GRAVIrl’Y  lNVk:Srl’IGKJ’l  ONTS

l’he  main objectives of the gravity field i][vcstigatiolls  arc the dcter]ninatio]l
of the mass and the bulk density of the nucleus, the harmonic coeflic.ients  of
the gravity field, the cometary moments of inertia and the non-gravitational
forces acting on the nucleus.

2. I .1. Mass and bulk density; grauity cocjicimts  and moments of inertia
‘1’hc determination of the cometary mass slid bulk dmisity  is a fundamental
objective in order  to assess the validity alld accuracy of various cometary
models. l;xtensive  simulation studies, in preparation for the Near-l;arth
Asteroid Rendezvous (NItAR)  mission to asteroid 433 l’h-os, demonstrate
that orbiting a small astcroicl  will recluirc a gravity field extraction process
that is fundamentally different from previous gravity studies of the moons
or planets (Schccres, 1!395;  Miller et al., 1!39.5). l’/Wirtancn  is significantly
slnal]cr  than asteroid 433 l’lros  and will most likely  be active cluring some
portions of the gravity field investigations (Ilochnhardt,  et al., 1996 b). Upon
arrjva] at the comet, the a priori lino~vleclgc of the nucleus size, shape, Inass,
a.c. tivity  and spin state will bc poorly known. A strategy is needed for an
iterative solution of the gravity field.

An initial flyby during the ltosetta  approach phase should enable a mass
detcrn]ination  to an accuracy of 10% (Yeornans  et al., 19S1). l’hc current
size estimate of the nucleus of 700 nl-SOO m (Hoehnharclt  ct al., 1996b)
sllggcsts  a flyby distance within 60 k]n.
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!l’hc injection into a bound high orbit  allows iterative improvements
of the mass determination up to 1 % accuracy. ‘1’he  orbit can then safely
bc reduced to 20-50 cometary radii (depending on the actual mass of the
comet). The second order and degree gravity coefficient (J2 and C22) can
bc estimated using the shape model (from imaging observations) and as-
suming constant density. q’he result is a constraint on the true gravity field.
In the likely event that the comet is not in perfect principal axis rotation, a
knowledge of the body’s second order gravity coefficients and a cleternlina-
t,ion of its spin state can be used to determine its moments of inertia; these
moments provide constraints upon the internal structure of the nucleus.

The most stable low orbits for the spacecraft would be in ecluatorial,
retrograde orbits about the comet. l)eginnin,g  with these orbits, the second
order  gravity field could bc solved for in the orbit dctcr]nination  process.
IIigher  order gravity coefficients might bc cletermined  from low polar orbits.
l’his attempt also assumes that the cometary outgassing  is not introducing
sig]lificant  accelerations upon the spacecraft. First estimates showed that
the early activity of comet Wirtancn  even beyond 3 AU might generate
radial accelerations due to outgassing  masking the ef~ccts c)f higher gravity
harmonics (Gill et al., 1996). q’he dctcrlnination  of the higher harlnonics
\vould likely bc ensured if the gravity mapping campaig]l takes place at
heliocentric distances WC]] beyond 3 AU when the comet is not very active.
If the gravity mapping campaign must be u]idcrtakcn  at times  when the
comet is already active, care must be take]]  to ensure that the spacecraft
does not bccomc adversely perturbed by the outgassing  strealning  away
toward the sunward  direction, If the spacecraft orbit could be maintained
nearly perpendicular to the Sun-c. onIct line, the outgassillg  perturbations
could bc mini~nized.

l’rorn an improved shape model, the volume can be rcfil]cd  and the
gravity field can again be approximated using a constant dc]lsity nucleus.
The mass !vill  eventually bc known to the 1 ~o kwel,  VOIUInQ and dcllsity
to the 3% level. ‘1’hc shape  gravity model  (with constant density) and the
true gravity model (from spacecraft tracking) arc then compared to yield
in fornlatioll  on tllc mass hetcrogcneit,y of the comet Iiuclcus.

2.1.2. Aron.-qmviiational  forces
‘J’hc cornctary  orbit is also affected by gas and dust emission during the
active phase of the lIuclcus. It is suspcc.ted that the cffticts  of the rton-
gravitational forces of }’/Wirtanen  may bc very diflcrent. than previously
cxpcctcd  to explain the shifted position of its rediscovery in June 1’395
from the prcclictcd  position (lJochllhardt  et al., 1996 b). Ground-based as-
trornetry  of the comet provides only limited spatial accuracy for orbit de-
ter~ninatiorl  and suffers furthermore, i]] particular during the high activity
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near perihelion, from the oflsct between the center of light in the COIIIa,

and the center of gravity of the nucleus (Ycomans, 1986). ‘l’he position of a
spacecraft very CIOSC to the comet can be clctermined very accurately using
1 )oppler  and ranging measurements and the positions of the comet with
respect to the spacecraft can be dctcrlnincd  using on-board imaging obser-
vations.  q’hesc precise observations of the comet’s position, along with the
comet’s existing astrometric data beginning in 1948, will allow a significant
refinement to this comet’s nongravitational  accelma.tioll  force model.

2.2.  NUCI,lI;US  INVIX’1’IGA1’IONS:  SIZE ANI) SIIAPII;, IN’I’EILNAJ,
S’I’RLJCTURII;,  131 STATIC  RADAR  llXPItRIMENrl’

Rosetta will be the first spacecraft to usc occultation techniques and bistatic
radar to explore the cometary interior, the surface and the close vicirlity
of the nuc]cus.  These  techniques are well established and succcsfully usecl
for the sounding of planetary rings,  atmospheres, ionospheres and surfaces
(Marouf  et al,, 1982; ‘J’ylcr, 19S7;  Ty]cr et al., 1992).

‘1’he size, shape and the illternal  structure of the nucleus will be. inves-
tigated by occultation experiments prior, during and after  the spacecraft
is occulted by the nucleus as seen from the Earth. Accurate mcasure]ncni,s
of the ingress ancl egress occultation times detcrlninc  the length of the oc-
cultation chore] for a known spacecraft trajectory, hcncc constrain the size
of the nucleus. ]tcpcat,ccl measurements for different occultation trac.li  gc-

omctrics  constrain the nucleus shape.  Occultation obscrvatio]ls  are Inost
useful whe]l  imaging observations arc not possib]c,  e.g. for observations of
the night-side or when the limb of the nucleus is obscured by dust.

IIccausc the nucleus is a small body, the interior or tile upper layer of
the ]lucleus may be penetrable by microwaves. ‘1’hc refractive properties of
the nuc]cus  will modify the propagation of the raclio signal so that it might
be possib]c  to constrain the bulk refractive inc]ex of the nucleus.

A bistatic-radar  experiment was proposed to measure the scattering
properties of the nucleus, l~cnce determillc  the physical ]Iature of t}~e sur-
face and its material properties. Rosetta’s orbit around the nucleus allows
lneasure]llents  of the strength and state of po]arisatioll  of the X-hand  radio
signal  transmitted by ltosetta.  a.licl  scattered by tllc II UC]CUS over a broad
range of Spacecraft-Con)et-Earth angles. ~’l]c shape and strength of the co-
and cross- pola.riscd components of the echo spectra call  be used to differ-
entiate between asteroid-like diffractive surface scattering (I Iarnlon  et al.,
1989) and icy-bodies-like volume scattering. lkrthermore, for the circularly
polarised incident wave, observation of the bistatic  scattering angle deter-
lnines  the 1 Jrcwstcr  angle YB of the surfac.c  Inatcrial,  IIcnce its dielectric
constant t. ‘J’bus, independent differentiation bctwccn an icy conglomerate
(-(11 - 50°, c w 1 .4) and very dusty (YB ~ GO”, c w 3) surfaces can bc
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achieved, in principle. Similar bistatic  radar observations were used to dc-
tmvninc  E of the lunar crust (’J’ylcr and lloward,  1973) and the Martian
surface (Simpson ancl Tyler, 1981).

2.3. COMA INV1IX’I’1GA1’1ONS

‘1’he abundance of mm-dm size dust particles very close to the nucleus,
the plasma content of the very inner coma, iuaccessiblc to orbiter in situ
mcasurcmcnts  and combined clust  and gas mass flux perturbing the Rosetta
orbit arc the objectives of the cometary coma investigations.

Radar observations of comets Iras-Aracki-Alcock  (llarmon  et al., 1989)
and Ila]]cy (Campbell et al., 1989)  revealed a dust grain size population
between a few mm and probably as large as 10 cm distributed about the
nucleus out to 1000 km. ‘J’he wavelcugths  of the Rosetta radio subsystcm
arc in the same bands used in the raclar studies mentioned above. Onc
observable of the cometary grain souncling cxpcrimcnt  will be the sigual
attenuation along the ray path from the spaccc.raft to the I:arth, cxprcsscd
as the differential optical depth T(3.6 cm) - T(I 3 cm), ‘J’hcsc lueasurcments
provide constraints upon grains iu the luln - dm size range (Marouf  et
al., 1982). The sccoud  observable is the power incohcrelltly  scattered in
the near-forward direction. ]Jccausc of the motion of the graius  relative to
Rosetta and the I’;arth,  the scattcrcd  signal is l)opplcr  shifted, spread over
a fi]litc bandwidth centered on the frequency of the direct  ray.

‘J’he first radio sounding observations of a cometary ionosphere were
performed with the VEG.-! spacecraft at comet 1’/1 lallc!:  (Andrccv  and
Gavrili,  1990; Piitzold et al., ] 996). Observations at two coherently related
frequencies arc required to separate the dispersive contribution duc to the
propagation of the radio wave from the cla.ssica] IJo])plcr  shift. l~irst esti-
mates showed that a phase shift at both frcqucncics is cletcctablc for gas
production rates bctwccn 1027...1028 Inolcculcs  See-).

‘J’hc motion of the Rosetta spacecraft about the nucleus will bc per-
turbed by raclial  accelerations clue to gas aucl dust i]npins;iug on its sur-
fiacc. lt is therefore possible to dctermillc  the combiucd gas and dust mass
flux and its variation with distance fro]n the ]iuc.leus,  the variation with
heliocentric distance and the variation of coma and jet activity with illu-
mination.  In contrast to the Giotto  flybys (PStzold  et al., 1991), tlic main
lmrturbations  are expected to bc clue to gas jet ini,cractiolls  than to clust
graill impacts. ‘J’ogether  with the gravity field modcl]iug,  RS1 will be able
to constrain the maximum liftable mass and will also be able to provide an
estimate of the overall gas and dust productioli  rate.
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2.4. AS’1’EILOID I~LYllYS

Rosetta will perform two flybys at asteroids hfilllistrobcll  ancl RocJari  (the
current second target asteroid) in Septe]nber  2006 and August 2008, rc-
spcctive]y. ‘1’he  determination of the )nass and bulk density of these ob-
jects clepcnds  crucially on the flyby distances. Currently, the planned flyby
distances are too large to allow meaningful mass estimates for these two
astmoicls.

3. lUSI secondary science objectives

‘J’hc Rosetta spacecraft will pass through five superior solar conjunctions
and three solar oppositions and additionally two co)ljunctions  and one OIJ-
]Josition  during cruise and the prime lnissioli , respcctivc]y, providing the
opportunity for radio sounding of the i]lner solar corona and the search for
gravitational waves.

4 .  Measurement  t echn ique

It is required to modify some components of the spacecraft raclio  subsystem
in order to improve the sensitivity and accuracy of the rncasurcments,  ‘J’hesc
components are the on board oscillator and tile capability to transponcl
or transmit simultaneously two phase coherent downlinks at S-band (2.3
GIIz)  and X-band (8.4 GHz) with the constant coherency ratio of 11/3
which makes it feasible to separate the dispersive ])oppler  effects fro]n the
nondispersive  Doppler effects.

‘J’he measurements at the ground station can be done simultaneously
with the transmission and reception of telecommancls and telemetry, rcspcc-
tivcly.  g’wo radio link modes  will be used. ~’hc routine operational radio
link mode is the two-way link with a S-band uplinli ancl a coherent and
si]nultancous  dual-frequency clown] ink (S- bancl  ant] X- band)  via the High
Gain Antenna (FIGA) of the spacecraft. ‘J’his  takes advantage of the supe-
rior stability of the ground station frcclucncy reference source gcneratcc] by
the hydrogen masers. ‘J’he one-way link mode (simultaneous cohcrcnt  dual-
frccluency  clownlink) is used oILly during  au occultation of the s])acccraft  by
the nucleus as seen from the 14;arth. ‘J’hcse  occultation experiments require
all Ultra Stable Oscillator (lJSO)  on the spacecraft. The plilnc  purpose of
the USC) is to serve as a phase cohcrcnt  frequency source for the sirnultanc-
ous downlink transmissions. ‘J’he required stability (Allan  variance) of the
lJSO is about Aj/j  w 1 0–]3 at 10- 1000 scconcls  i]ltcgration  time. Space
qualified oscillators of this stability have been providecl  to Inany interp]aw
etary space missions for radio science purposes.
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